The interfacial structure and strength of solder joints between Sn-9 mass%Zn solder and plated Au/Ni-P alloy film on a Cu substrate have been investigated. Three reaction layers with 0.2 to 0.5 µm thickness were formed along the interface between the plated Ni-P alloy films and Sn-9 mass%Zn solder. The outermost layer contains a Ni-Sn intermetallic compound. The middle layer contains approximately 40 mass%Au, 35 mass%Zn, 20 mass%Ni and 5 mass%Sn. The thickness of the Au layer is 0.1 µm, so the Au layer does not dissolve. The innermost layer contains about 63 mass%Zn, 25 mass%Ni, 10 mass%Au and 2 mass%Sn. The strength of the Sn-9 mass%Zn solder joints take almost the same values independent of P concentration. The strength of Sn-Zn solder joints with Sn-Zn/Ni-2 mass%P, Sn-Zn/Ni-4 mass%P and Sn-Zn/Ni-8 mass%P joints were found to be almost constantly independent of reflow cycles. Therefore, Sn-9 mass%Zn solder is considered to be an excellent solder material for plated Ni-P alloy films.
Introduction
A joining system between electroless plated Ni films and micro solder balls is widely used for high density and high performance semiconductor devices, i.e., portable telephones or ball grid arrays (BGA) for super computers. 1, 2) Lead-free soldering processes have been investigated in order to eliminate the lead pollution caused by the Pb-bearing solder in semiconductor devices. 3, 4) Sn-Ag and Sn-Ag-Cu based solders are the best candidates for a lead-free solder, because they have both good resistance to thermal fatigue and high ductility. 5) But the melting points of Sn-Ag and Sn-Ag-Cu based solders are higher than Sn-Pb eutectic solder by about 40 K. Hence Sn-9 mass%Zn solder is expected to provide a good alternative to Sn-Ag and Sn-Ag-Cu based solder, because the melting point of Sn-9 mass%Zn solder is comparable to that of Pb-Sn eutectic solder. 6) Alternatively, the miniaturization and the increasing speed of semiconductor devices lead to a substantial reduction in solder joint sizes. Hence it is very important to enhance the reliability of very small solder joints. It has already been reported that the solder's reliability at small joints depends on the interfacial structure. 7, 8) Plated electroless Ni alloy film is commonly used as the metallization for solder joints and semiconductor devices because of its low cost and high corrosion resistance. Electroless Ni plating contains P from several % through 10 mass% in order to employ hypophosphite as a reducing agent during plating. 9) Therefore, research on the interfacial structures between electroless plated Ni-P alloy film and solder is very important. It has been reported that reliability degradation occurs * Graduate Student, Ibaraki University.
at the interface between plated electroless Ni film and solder when a P-enriched layer is formed on the interface during soldering. 10, 11) We have already clarified that reliability at the solder joints depends on the thickness of the P-enriched layer independent of solder materials, so it is very important to reduce the P-enriched layer. 12) The first purpose of the present paper is to investigate the interfacial structures formed by soldering plated Ni-P alloy films with Sn-9 mass%Zn solder having various P concentrations. Next, the solder joint strength was investigated as a function of P concentrations in plated Ni-P alloy films. Finally, the influence of repetition cycles of the reflow process on the solder joint strength was investigated.
Experimental Procedures
1 mm thick Cu plates for observation and 0.5 mm diameter BGA substrates for pull test were plated with 3 to 10 µm thick Ni films containing 0, 2, 4 and 8 mass%P. Then, a 0.1 µm thick displacement Au layer was plated on top of the plated Ni films in order to prevent oxidation and to enhance its wettability with solder (abbreviated as plated Au/Ni-P alloy film hereafter). Au/Ni-P(0, 2, 4 and 8 mass%)/Cu substrates were joined with Sn-9 mass%Zn (abbreviated as Sn-Zn hereafter) solder in order to evaluate the interfacial structures of the solder joints. They were heated to 513 K for 5 min in an Ar atmosphere. Alternatively, 0.76 mm diameter solder balls were put on the Au/Ni-P(0, 2, 4 and 8 mass%) plated BGA substrates, and then soldered 1, 3, and 5 times in order to inspect the influence of cycle repetition on the strength of the solder joints.
The cross-sectional structure of the interfaces was evalu-ated using a Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM). The samples for the TEM observation were made by a Focused Ion Beam fabrication (FIB) system. An Energy Dispersive X-ray Analyzer (EDX) was used to examine each element. The strength of the solder joint was measured by using the Cold Bump Pull (CBP) tester shown in Fig. 1 . The pull speed was fixed at 300 µm/s for each test.
Results and Discussions

Evaluation of interfacial structures
First, we used SEM and EDX to investigate where the intermetallic compound and P-enrich layers were formed in the solder joints. Figure 2 shows cross-sectional SEM images of Sn-Zn/Au/Ni-2 mass%P(a), Sn-Zn/Au/Ni-4 mass%P(b), and Sn-Zn/Au/Ni-8 mass%P(c) solder joints. Reaction layers with 0.2 to 0.5 µm thicknesses were formed along the interfaces between the plated Au/Ni-P alloy films and Sn-Zn solder in all of the samples. EDX confirmed that the reaction layers consist of Sn, Ni, Au and Zn. However, we could not find P in any of the sample's reaction layer.
For the Sn-3.5 mass%Ag/Au/Ni-P(P:2, 4, 8 mass%), Sn-3.5Ag-0.7 mass%Cu/Au/Ni-P(P: 2, 4, 8 mass%), and the Sn-50 mass%Pb/Au/Ni-P(P: 2, 4, 8 mass%) joints, however, the Ni-Sn intermetallic compounds and the P-enriched layers containing Ni, Sn and P formed between the plated Au/Ni-P alloy films and the solders were easily identified as discussed in previous papers.
12 ) We also confirmed that the thickness of the P-enriched layer decreases as the thickness of Ni-Sn intermetallic compound decreases. 12) This means that, as the reaction between solder and Ni-P decreases and as a result the Ni-Sn intermetallic compound is thinner, the thickness of the P-enriched layer decreases. This may be due to the fact that the P-enriched layer was so thin that we could not detect it using EDX attached to SEM or the P-enriched layer did not form in this Sn-Zn/Au/Ni-P joint.
TEM observation was done. In order to clarify the structure and the composition of the reaction layer between the plated Au/Ni-P alloy film and the Sn-Zn solder. Figure 3(a) shows the TEM image of the interfacial structure of the SnZn/Au/Ni-8 mass%P joint. Figure 3(b) is a magnification of (a). 13) The middle layer contains about 40 mass%Au, 35 mass%Zn, 20 mass%Ni and 5 mass%Sn. We refer to this as the 1st layer. Considering that the thickness of Zn solder reacts with Au and Ni in plated Au/Ni-P alloy film, and a Au-Zn intermetallic compound and a Ni-Zn intermetallic compound were formed. Hence, Au does not diffuse into the Sn-Zn solder, because Au reacts easily with Zn and forms Au-Zn intermetallic compound. 14) Ni diffuses into the Sn-Zn solder through the 1st and the 2nd layers and then Ni 3 Sn 4 intermetallic compound formation may be retarded at Sn-Zn/Au/Ni-P joints. Figure 4 plots the pull strength of the solder joints between plated Au/Ni-P(P: 0, 2, 4, 8 mass%) alloy films and Sn-Zn solders as a function of the P concentrations in the plated Au/Ni-P alloy films. The pull strength of solder joints between plated Au/Ni-P alloy film and Sn-Pb, Sn-Ag solder is also plotted against the P concentration for comparison. 12) The strengths of the Sn-Pb, Sn-Ag solder joints decreased with P concentration in plated Au/Ni-P alloy films. Even if the pull strength dispersion of the Sn-Zn solder joints is largest, but the strength of each Sn-Zn solder joint has nearly the same value, and the influence of the P concentration on the interface strength is very small when compared with those of Sn-Pb and Sn-Ag solders as expected from Fig. 2 and Fig. 3 .
The strength of the solder joint
The influence of the reflow cycles on the pull strength was examined to confirm whether the same trend of pull strength is obtained. Figure 5 plots the pull strength of the solder joints between plated Au/Ni-P(P: 2, 4, 8 mass%) alloy films and Sn-Zn solder as a function of the number of the Au layer is 0.1 µm, the Au layer did not dissolve with Sn-Zn solder.
The innermost layer consists of 63 mass%Zn, 25 mass%Ni 10 mass%Au, and 2 mass%Sn. We refer to this as the 2nd layer. From the above results, two following facts, which differ from the results for the Sn-Pb/Au/Ni-P, Sn-Ag/Au/Ni-P and the Sn-Ag-Cu/Au/Ni-P joints, were confirmed for the Sn-Zn/Au/Ni-P joints. A Au layer remained between the SnZn solder and the plated Au/Ni-P alloy film, and a P-enriched layer was not formed.
These results may be interpreted as follows. Zn in Sn- Sn-Ag Fig. 4 The strength of solder joints interfaces between plated Au/Ni-P alloy films and solders as a function of the P concentration in the plated Au/Ni-P alloy films. Pull Strength Ratio
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Ni-2mass%P Ni-4mass%P Ni-8mass%P Fig. 5 The pull strengths ratio of the solder joints between plated Au/Ni-P(P: 2, 4, 8 mass%) alloy films and Sn-9 mass%Zn solder as a function of the number of times of reflow process.
